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LamellipodiumActin ﬁlament dynamics have been studied for decades in pure protein solutions or in cell extracts, but a break-
through in the ﬁeld occurred at the turn of the centurywhen it became possible to reconstitute networks of actin
ﬁlaments, growing in a controlled but physiological manner on surfaces, mimicking the actin assembly that oc-
curs at the plasma membrane during cell protrusion and cell shape changes. The story begins with the bacteria
Listeria monocytogenes, the study of which led to the reconstitution of cellular actin polymerization on a variety
of supports includingplastic beads. These studiesmadepossible the development of liposome-type substrates for
ﬁlament assembly and micropatterning of actin polymerization nucleation. Based on the accumulated expertise
of the last 15 years, many exciting approaches are being developed, including the addition of myosin to biomi-
metic actin networks to study the interplay between actin structure and contractility. The ﬁeld is now poised
to make artiﬁcial cells with a physiological and dynamic actin cytoskeleton, and subsequently to put these cells
together to make in vitro tissues. This article is part of a Special Issue entitled: Mechanobiology.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Actin is a protein that exists in a globular soluble form and in an as-
sembled ﬁlamentous form, echoing a common theme observed in other
types of cytoskeleton like microtubules and intermediate ﬁlaments.
Cell shape changes in general, including cell motility, cell division
and cancer cell invasion, are due in part to the controlled assembly
of actin into ﬁlamentous networks that can push membranes or con-
tract in the presence of the molecular motor myosin thus leading to
cell shape changes. The fact that actin ﬁlaments are polar, with a dy-
namic barbed end that grows and shrinks more quickly than the
pointed end, is important for the directionality of network growth
and for myosin motor activity.
Actin has been studied since the 1940s when it was ﬁrst isolated
frommuscle. By the time the last centurywas drawing to a close, the dy-
namics of individual actin ﬁlaments had beenwell characterized in vitro
[1] and much had been discovered about other factors that interacted
with both the globular and ﬁlamentous forms of actin [2]. The great
step forward at the turn of the century was the successful recreation
of dynamic actin networks growing at surfaces in a controlled fashion
using cellular components, a departure from previous single ﬁlament
studies where polymerization was generally occurring in the bulk solu-
tion. This review will be about the progress over the last 15 years in theobiology.
herche, Paris F-75248 France.ﬁeld of reconstitution of dynamic actin and acto-myosin networks at
surfaces or under conﬁnement, and how technological advances have
been used to further our understanding of cellular actin dynamics.
Other excellent reviews on reconstitution have been published over
the last 5 years concentrating on actin and adhesion, membrane-
bound actin and single ﬁlament dynamics [3–7]. The focus here is
actin and acto-myosin networks at or near surfaces in vitro, to mimic
cellular conﬁnement and geometry.
2. The beginnings of actin network reconstitution
2.1. Listeria in cells
Somewhat surprisingly, most modern approaches to studying actin
networks in vitro can trace their inspiration back to the food-borne
pathogen Listeria monocytogenes (Fig. 1). This bacterium propels itself
in the host cell cytosol not by swimming with a ﬂagellum, but by build-
ing a network of ﬁlamentous actin behind itself, dubbed an actin tail or
actin comet due to its appearance by electron and light microscopy
(reviewed in [8]). What made this motility mode interesting to the
general cell biology communitywas the discovery that the bacteria pro-
duced a single factor necessary for its motility, the ActA protein, which
was displayed on its surface and was responsible for forming the
actin comet from host cell components (reviewed in [9]). In addition
landmarking experiments in the actin network of moving cells and in
Listeria tails showed that both processes involved insertion of newly po-
lymerized actin at the cell membrane or bacterial surface, and this was
Fig. 1.The family tree of biomimetic systems of actinmotility and dynamics. The original inspiration came from Listeriamotility in cells a),which led to studies of Listeria in cell extracts and
pure proteinmixes b). Thenext generation of in vitro systems can be split into two groups, one involving reconstitution on solid supports such as beads c) and the other involving the use of
ﬂuid, deformable substrates such as liposomes d). ActA from Listeria was used to coat the beads and liposomes, but also mammalian nucleation promoting factors (NPFs) of the
WASP/WAVE/Scar family. The recent innovations in each branch of the family consist of reconstitution of actin dynamics on micropatterns on one hand e), and reconstitution of
actin cortices inside liposomes on the other hand f). The lateral double-headed arrows indicate cross-talk between the different systems. a) Reprinted from [114]: Cell, vol. 68, C.
Kocks, E. Gouin, M. Tabouret, P. Berche, H. Ohayon, P. Cossart, L. monocytogenes-induced actin assembly requires the actA gene product, a surface protein, 521–531 (1992), with
permission from Elsevier. b) Adapted by permission from Macmillan Publishers Ltd: Nature [28], 1999. c) Adapted by permission from Macmillan Publishers Ltd: Nature [68],
2002. d) Adapted by permission from the National Academy of Sciences: PNAS [74], 2003. e) Adapted by permission from Macmillan Publishers Ltd: Nature Materials [101],
2010. f) Reprinted from [95]: Biophysical Journal, vol. 96, L.-L. Pontani, J. Van der Gucht, G. Salbreaux, J. Heuvingh, J.-F. Joanny, C. Sykes, Reconstitution of an actin cortex inside
a liposome, 192–198 (2009), with permission from Elsevier.
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It was quickly realized by pioneers in the ﬁeld that the Listeria actin net-
work could be a powerful tool to study the biochemical basis of mam-
malian actin assembly, in isolation from cell signaling and adhesion.
This discovery also opened up new avenues for studying how actin as-
sembly created movement from a physical perspective since bacterial
movement was a more tractable object to manipulate and model than
an entire cell [12,13]. We will discuss here Listeria motility, but other
pathogens with similar motility mechanisms have also been useful in
the study of actin-based motility [14].
Initial experiments involved observation of Listeria movement in
living cells. Such studies revealed thatmany host cell actin-binding pro-
teins were present in the Listeria comet tail ([15] and references there-
in). Further this type of experiment led to more unexpected results,
such as the fact that the actin tail composition changed depending on
the intracellular location: in the cell body, comets contained α-actinin,
while in cell protrusions, comets shed α-actinin concomitant with an
evolution of the comet structure toward an aligned unbranched array
of long ﬁlaments [16]. Information about how the actin network was
constructed was also gleaned from altering the ActA protein itself and
observing how this changed Listeriamotility in cells, notably identifying
theArp2/3 complex and Ena/VASP binding domains as importantmotil-
ity motifs [17,18]. However the limitations of this approach quickly
became apparent. For example, a back-to-back study of Listeriamotility
in cells expressing different forms of Ena/VASP proteins as compared to
the movement of the cells themselves showed that cell movement and
Listeriamovement required different domains of Ena/VASP [19,20]. This
perplexing result could have resulted from off-target effects, including
mislocalization of the mutant proteins in the host cells, and changes in
the internal structure of the host cell that could have decreased or
enhanced Listeria motility. Indeed other studies showed that the me-
chanical inhomogeneity of the cell interior altered the motile behavior
of Listeria [21].2.2. Listeria in cell extracts and pure protein mixes
The cell interior was too complex of a place to conduct controlled
biochemical motility assays, and physical manipulations were rendered
difﬁcult. The solution to the confounding effects of the biochemical and
mechanical heterogeneity of the cell interior was the use of cell extracts,
homogenous cytosolic preparations lacking organelles and cell mem-
brane. Although not without its own challenges, mostly associated
with obtaining cell extracts sufﬁciently concentrated in cytoskeleton
factors that were not even entirely known at the time, cell extracts
were successfully used to perform some ﬁrst quantitative physical and
biochemical characterizations. For example Listeria actin tail elasticity
was measured using optical tweezers, and the roles of proﬁlin and
Ena/VASP proteins in Listeria movement were examined [22–24]. At
about the same time, great advances were being made in the under-
standing of how actin assembly was catalyzed in cells. A major step
was the discovery of the Arp2/3 complex as a weak catalyzer or
“nucleator” of actin assembly that made branches from the sides of
existingﬁlaments, and the subsequentﬁnding that the ListeriaActA pro-
tein and the mammalian nucleation promoting factors (NPFs) WASp
and Scar activated the activity of the Arp2/3 complex [25–27]. All to-
gether these ﬁndings paved the way for the next great advance: the re-
constitution of Listeria motility in a mix of pure proteins [28]. The
puriﬁed protein mix provided tight control of biochemical parameters,
and is still today themethod of choice for studying actin-basedmotility,
especially for attaining the reproducibility needed for quantitative
measurements.
However cell extracts should not be neglected. The study of a pure
protein can reveal its mechanism in isolation, but not necessarily its
mode of action in vivo in association with other proteins. A case in
point is ADF/coﬁlin, an actin ﬁlament fragmenting protein. When pure
ADF/coﬁlin was mixed with pure actin ﬁlaments in conditions where
ADF/coﬁlin fully decorated the ﬁlaments, ADF/coﬁlin lost its ability to
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are in fact physiological in some cell types. Recent results using cell ex-
tracts showed that an additional factor, Aip1,was present in cytosol that
permitted ADF/coﬁlin to efﬁciently sever and disassemble actin at high
ratios [30], although the exact mode of action of Aip1 is the subject of
some controversy [31–33]. The use of cell extracts also permitted
other exciting developments such as the reconstruction of complex
actin structures like the cleavage furrow in cytokinesis [34]. Recent
advances make possible the production of mutant extracts to study in-
dividual proteins while retaining the complexity of the cell cytosol
and the preparation of staged extracts to examine how actin assembly
varies with the cell cycle [35,36].
3. The next generation
3.1. Replacing Listeria with beads
The ﬁrst reconstituted motility systems using Listeria set the stage
for the next generation of in vitro systems where the pathogen was
replaced by a bead or other particle coated with the ActA protein
(Fig. 1). This allowed for control of the size and properties of the cargo
and the density and nature of the activating protein on the surface, in-
cluding, importantly, the use of mammalian factors (next section).
The ﬁrst successful bead systems were performed with ActA-coated
particles in cell extracts [37]. This study brought to light one of the
stumbling blocks of working with particles in the place of Listeria:
homogenous distribution of the ActA protein on the bead surface led
to homogenous actin growth, which had to undergo “symmetry break-
ing” to form a polarized actin network and directional motility. Symme-
try breaking was shown to depend on particle size, coating density and
the concentration of the cell extract, and could be circumvented by
preparing artiﬁcially asymmetric beads via siliconmonoxide shadowing
[37,38]. Studies of such comets allowed for the important demonstra-
tion that actin comet tails observed by electron microscopy had a simi-
lar dendritic organization to that found in the lamellipodia of moving
cells, thus further validating the use of the bead system as a mini-
lamellipodium mimic [39].
Although an impediment to forming actin comets, symmetry break-
ingwas an interesting topic in and of itself, andmuchwas learned about
actin network mechanics by observing the growth and rupture of actin
networks on spherical beads. In particular it was demonstrated that the
network had elastic properties, due to its entangled nature, and stresses
could develop in the network and affect growth dynamics [40,41]. Later
with the puriﬁed protein mix, symmetry breaking on beads was
thoroughly characterized and it was shown that stress build-up drove
the polarization of the actin network and that stress development
depended in predictable ways on the biochemical components of the
protein mixture and the balance between nucleation of new ﬁlaments,
capping and crosslinking [42–44].
3.2. What to coat the beads with?
ActA-coated beads are less employed today, but these original stud-
ies opened thedoor to grafting beadswith themammalian equivalent of
ActA, theWASP/WAVE/Scar proteins. Reconstitution of actin comet tails
and motility of beads coated with the NPF WASP in bovine brain
extracts was the ﬁrst entirely mammalian reconstitution of actin-
based motility [45]. Subsequently the WASP proteins and the related
Scar/WAVEmolecules were picked apart by absorbing different protein
fragments to bead surfaces and observing which domains gave optimal
actin network growth and optimal motility in cell extracts and pure
protein mixes [46–48]. Different domains from different actin-binding
proteins were also absorbed simultaneously and in different propor-
tions to bead surfaces, for example to recruit and activate the Arp2/3
complex in varying proportions with Ena/VASP proteins [49]. When
formin proteins were identiﬁed as actin polymerization nucleatorsthat produced unbranched networks, in contrast to the Arp2/3
complex-based branched networks, formin-based actin assembly and
movement were also reproduced on bead surfaces [50,51]. Given
this history, it is remarkable that no one has yet recreated Arp2/3
complex-based and formin-based nucleation together on a bead sur-
face, despite the biological relevance to the lamellipodium where both
nucleation systems co-exist and actin networks are generally mixes of
branched and unbranched ﬁlaments [52,53]. This is particularly perti-
nent given a recent study that showed that the Arp2/3 complex and
formin worked together in a mechanism where the new ﬁlament ends
created by the Arp2/3 complex were captured and elongated by the
formin FMNL2 [54]. However other studies showed that formin and
the Arp2/3 complex compete for actin monomers in cells [55], and are
not favored by the same conditions in proﬁlin in vitro [56], so reconsti-
tution of the two activities together may be a challenge.
In general exotic surface coatings remain rare in the biomimetic
ﬁeld, and the predominant activating proteins used today in in vitro sys-
tems are humanWASP protein fragments, in particular the VCA domain
that binds and activates the Arp2/3 complex or its variant pVCA that ad-
ditionally encompasses the proline-rich portion of WASP that binds
proﬁlin actin. VCA is also calledWA, due to vocabulary created simulta-
neously by different labs [57–59]. The pVCA construct is more effective
for Arp2/3 complex activation than VCA when monomeric actin is
bound with proﬁlin [27]. Indeed most modern reconstitution studies
use high concentrations of globular actin boundwith proﬁlin to prevent
spontaneous nucleation, a closer mimic of actual conditions in cell cyto-
sol and a departure from the original pure protein reconstitution system
which used a reservoir of prepolymerized ﬁlamentous actin tomaintain
a low but stable concentration of actin monomers via depolymerization
[28,60].
The choice of pVCA fromWASP as the most-used NPF is more moti-
vated by history than by physiology. WASP is in fact a protein that is
only found in hematopoietic cells, while the closely-related N-WASP
protein is ubiquitous, but was discovered later (reviewed in [61]).
N-WASP-coated beads were used in some studies [62,63], and it is the
VCA domain of human N-WASP that is currently commercially avail-
able. N-WASP is a more effective Arp2/3 complex activator than either
WASP or WAVE/Scar due to the enhanced acidity of the A domain in
the case of N-WASP, not as originally believed due to the extra V domain
that N-WASP proteins contain [64]. WAVE/Scar-derived bead coatings
have been used for some studies, but less extensively than the other
NPFs [46,65]. WAVE proteins exist in regulatory complexes, which are
impossible tomimic in pure proteinmixtures although theWAVE regu-
latory complex has been successfully recruited to membrane-coated
glass beads to form actin comets in cell extracts [66]. In the cell, NPFs
have very different roles downstream of signaling cascades: WAVE/
Scar proteins are involved in lamellopodial protrusion,whileWASP pro-
teins are implicated in ﬁlopodia formation and endocytosis (for review
[67]). However, as far as biomimetics are concerned, where the regula-
tory portions of theNPFs are removed, the differentNPFs can beused in-
terchangeably since the VCA portion of the different NPFs give the same
end product: an Arp2/3 complex-branched network.
3.3. The power of the bead system in the pure protein mix
The combination of the bead system with the pure protein mix
changed the face of how actin polymerizationwas studied. Most impor-
tantly it made possible a type of biophysical experiment that had been
impossible before, namely varyingbiochemical and physical parameters
and observing how that changed actin assembly andmotility. For ex-
ample it was observed that simply changing particle size or bead-
coating density could completely change how the actin comet creat-
ed movement, switching between continuous and periodic, even
though biochemical conditions were identical [68]. Controlled force
measurements also became possible in a variety of different experi-
mental set-ups [62,69]. Bead/pure protein mixes were also used to
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that capping protein restricted polymerization to the surface via pro-
motion of Arp2/3 complex activity [70,71].
Bead speeds were a particularly easy parameter to measure while
changing the biochemistry of the mix. As one example, this approach
was used to resolve the confusion concerning Ena/VASP proteins and
Listeriamotility mentioned previously. When recruited to the bead sur-
face, Ena/VASP proteins were shown to indeed increase bead speed and
different mutants of Ena/VASP showed concordant effects on beads and
on an in vivo cell motility event [49,65,72]. However the relation be-
tween actin polymerization and particle speed is a complex one. It has
been observed since the conception of the pure protein mix that move-
ment velocity has a bell-curve dependence on the concentration of
polymerization factors: both too much and too little of a given compo-
nent can reduce speed [28]. In the case of Ena/VASP for example,
under different conditions than the study cited above, it was observed
that a bead thatwas alreadymoving very efﬁciently displayed drastical-
ly reduced motility when treated with Ena/VASP, concomitant with the
production of a much denser comet tail (Fig. 2). So it seems that when
motility is optimal, adding factors that increase polymerization (like
Ena/VASP or even the Arp2/3 complex) can slow bead motility and
this is something to keep in mind when using bead velocity as a read-
out of protein function.
4. Polymerization from soft, ﬂuid and deformable substrates
Thework on beads spawned awhole other branch of the reconsti-
tution family (Fig. 1) involving polymerization on an assortment of
ﬂuid and sometimes deformable substrates like oil droplets, lipo-
somes, lipid-coated beads or supported bilayers, moving one step
closer to the real conditions for actin polymerization at a cellmembrane
bilayer.
The ﬁrst of such studies involved the absorption of aHis-tagged form
of ActA to liposomes containing nickel lipids and incubation in cell
extracts or cell extracts supplemented in the Arp2/3 complex to form
actin comets [73,74]. Several interesting observations came out of
these studies, observations that were corroborated subsequentlyFig. 2. Enhancingpolymerization does not always increase beadmotility. a)Whenmotility
is very fast (2–3 μm/min), the addition of VASP b) slows the beads down (below 1 μm/
min) even though the comet is denser. So the effect of VASP on motility seems to depend
on the initial state of the system, andwhen speed is already optimal, adding an enhancing
molecule like VASP does not have the expected effect. Images taken at about 10–15 min
reaction time of PRD-VCA-WAVE-coated beads in reconstituted motility mix as described
in [65], butwith commercial Arp2/3 complex. Phase contrastmicroscopy. Comet appears as
a dark streak behind the white bead. Since there is no depolymerization in this system,
comet length is proportional to bead velocity. Images M. Abou-Ghali, 2014.under different conditions: using the mammalian NPFs VCA-WASP
and N-WASP absorbed to liposomes or non-speciﬁcally to oil droplets
and incubated in either cell extracts or puriﬁed protein mixes [75–77].
Although liposomesweremore physiological, the advantage of oil drop-
lets was that the surface tension was known so the curvature of the
droplet surface could be used to calculate stresses exerted by the grow-
ing actin cytoskeleton. One of the main ﬁndings from such studies was,
ﬁrst of all, a direct visual proof of the elastic squeezing effect evoked to
explain symmetry breaking, mentioned previously. The growth of an
actin gel on a convex surface created compressive or squeezing stresses,
and this could be clearly seen with both liposomes and oil droplets as a
deformation from spherical shape (Fig. 3a, b). Furthermore it was
shown that the actin comet exerted retarding or pulling forces on its
substrate, presumably due to transient attachments between the actin
network and the surface-bound NPFs mediated by the Arp2/3 complex.
As a result, the NPFs on the ﬂuid surface were convected under the
comet (Fig. 3c). In line with this, another study using the bead system
showed that cortactin enhanced motility by releasing NPF molecules
from new branches [78]. Another proposed mechanism for transient
network-surface attachment was the binding of the WH2 (or
V) domain of NPFs to ﬁlament barbed ends, an interaction that
was mediated by monomeric actin, giving convection of NPFs on
lipid-coated glass beads [79]. WASP/WAVE WH2 domains do not
bind proﬁlin–actin [80], the predominant form of actin in vivo so,
in the cell, a combination of attachment via the Arp2/3 complex
and WH2 domains may be occurring. From all this, it is clear that actin
growth exerts both protrusive and braking forces on the objects it acts
upon.
However much was also gleaned from biomimetic membrane sys-
tems in conjunctionwith actin polymerization in the absence ofmotility
(for review [7]). For example actin polymerizationwas shown to induce
phase separation of lipids in giant vesicles grafted with N-WASP, incu-
bated in actin and the Arp2/3 complex [81]. In a similar experiment,
the branched actin network produced by Arp2/3 complex-based poly-
merization was observed to be reorganized into bundled ﬁlopodia-
type structures by the deformable lipid bilayer [82]. Even simpler, and
in a continuum with approaches using lipid-coated glass beads, actin
polymerization was reproduced on supported lipid bilayers. In particu-
lar ﬁlopodia formation was recreated on such bilayers, showing that re-
cruitment of biochemical factors from the cell extract gave spontaneous
self-assembly of the bundled structure in the absence of membrane
deformation [83].
Overall the actin network-on-liposome/droplet systems were a
great advance in theﬁeld because they brought information as to the in-
terplay between actin assembly and lipid bilayer properties and also
opened the door to looking at actin-based deformations. Supported bi-
layers as a subset of this family have the advantage that they are easier
tomanipulate physically and image by techniques such as Total Internal
Reﬂection Microscopy (TIRF), but give up the deformability of the lipo-
some system and reduce the mobility of factors in the membrane via
friction with the support [7].
5. Expanding the biomimetic repertoire
5.1. Conﬁning physiologically nucleated dynamic actin networks
There is nothing new about encapsulating actin polymerization. For
decades people have been incorporating monomeric actin into lipo-
somes, triggering polymerization and then observing shape changes. A
non-exhaustive list of such studies includes [84–88]. Some studies
included non-physiological bonds between the encapsulated actin net-
work and the liposome inner leaﬂet, such as the linking of biotin actin to
biotin lipids via streptavidin [89]. Similar experiments have been per-
formed with pure actin and actin-binding proteins or with cell extracts
conﬁned in stabilized aqueous-in-oil emulsions, two examples of which
are [90,91]. More recently actin polymerization has been conﬁned in
Fig. 3.Actin polymerization on deformable,ﬂuid supports. a) and b)Oil droplets are deformedby the actin comet, depending onhow the comet is organized.When the oil droplet is grafted
with VCA a), motility is slow, comets are uniform and dense and the droplet is deformed in a pear shape.When the droplet is coatedwith amix of VCA and PRO b), a fragment of the ActA
protein that recruits VASP, movement is rapid, the comet is partially hollow and the droplet is therefore deformed differently than in a) into a kiwi shape. See also [77]. Phase contrast
microscopy. c) On the ﬂuid surface of the oil droplet, VCA (green) is enriched under the comet (actin in red), as observed by the dimmer intensity of VCA at the front of the droplet.
The droplet is undergoing jumping movement. For more details see [77]. Confocal ﬂuorescence microscopy. All images Léa Trichet, 2004–2005.
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interesting phenomena including self-organization, which were not
seen in unconﬁned solutions. This can be understood in the larger
framework of how conﬁnement changes biological processes, including
cytoskeleton dynamics [93].
A new development concerning conﬁned actin polymerization
builds on these experiments, but with several additional characteristics
thatwere previously absent. Namely, to truly reproduce cellular dynam-
ics, the actin network should be growing from the surface via localized
actin polymerization nucleation. This means that there are transient at-
tachments between the network and the surface, and the barbed ends
are growing mostly toward or near the surface. The actin network
should also be depolymerizing, and monomers continually recharging
with ATP and repolymerizing to make a dynamic network. These as-
pects are important for mimicking not only lamellipodia-type protru-
sions, but also for reconstituting other cytoskeletal organelles as we
will see in the next section.
Advances have been made in this direction over the last few years.
Liposomes weremade from native membranes and swelled in the pres-
ence of actin,with orwithout themembrane-actin crosslinking proteins
ankyrin/spectrin. In the presence of ankyrin/spectrin, polymerized actin
was anchored and bundled at themembrane [94]. This was a physiolog-
ical link, however the ﬁlaments were not dynamic. At about the same
time, liposomes were made by a different technique, the inverted
emulsion technique, whereby the reconstituted motility mix of pure
proteins described earlier was encapsulated in low salt conditions that
prevented polymerization and then polymerization was triggered by
inserting pores in the membrane to allow passage of salts [95]. Impor-
tantly polymerization occurred preferentially at themembrane because
a VCA proteinwas speciﬁcally bound there by interaction of its histidine
tag with nickel lipids in the membrane, and additionally this actin layer
was shown to be actively turning over due to the presence of actin
depolymerizing and recycling factors in the liposome interior. This
study produced for the ﬁrst time a dynamic membrane-associated
actin structure in a liposome, polymerized in a physiological manner.
Subsequently the inverted emulsion technique was used for actin/
actin-binding protein encapsulation and micropipette aspiration ex-
periments to show that the membrane-associated actin layer was
determinant for the mechanical properties of the liposome [96,97].
Additionally membrane-bound actin layers have since been formed
in aqueous-in-oil emulsions, using interface-targeted ActA protein
and cell extracts [98]. These actin networks were shown to not only
be actively turning over, but also were capable of auto-organization
to break symmetry. An added motivation to use liposome-type bio-
mimetic systems is to study proteins that recognize or impose mem-
brane curvature and also interface with the actin cytoskeleton, such
as BAR domain proteins [99].5.2. Patterning actin assembly
Another innovation in the actin biomimetics ﬁeld is that of making
deﬁned actin structures via micropatterning of nucleation sites [100].
In some ways this is similar to the previous challenge, but the conﬁne-
ment is imposed by the ﬁlament source instead of being created by
the envelope. A pioneering study showed that the angle and distance
between nucleation sites for actin assembly determined the proportion
of parallel bundles versus anti-parallel structures within a given actin
network although the biochemistry of the networks was identical
[101]. This showed that the geometry of ﬁlament growth could deter-
mine macroscopic structure formation, something that had previously
been ascribed to actin-binding proteins. However in cells there is surely
a mixture of both geometrical and biochemical control, for when the
anti-parallel actin bundler α-actinin was added in high concentrations
into the actin polymerization mix, antiparallel ﬁlament structures
were favored even though the geometry dictated predominant parallel
bundle formation [101].
6. Reconstituting acto-myosin contractility in vitro in cell-like
systems
The stage is now set for one of the next big challenges in actin biomi-
metics: reproducing the acto-myosin contractile structure found in
non-muscle cells juxtaposed to the plasma membrane, an organelle
commonly called the cell cortex. This mixed network of actin ﬁlaments
and myosin motors dynamically polymerizes, depolymerizes and con-
tracts, while at the same time being transiently linked to the plasma
membrane that it deforms to produce cell shape changes. In the well-
studied contractile system of the muscle sarcomere, unbranched actin
ﬁlaments are arranged in an anti-parallel manner so as to enable
myosin-based contraction. In non-muscle cells, the actin network in
the cell cortex is a random array of branched and unbranched actin ﬁl-
aments, not organized like in a muscle sarcomere [52,53]. The question
then is: how does the cortex contract efﬁciently? To answer this, the
previously-described techniques are being used to produce cell-like dy-
namic actin networks, but now containing myosin.
6.1. Interplay between actin organization and myosin contractility
As would be predicted from consideration of howmyosin functions,
it has been shown experimentally that the overall actin architecture can
modify where and how effectively myosin contracts the actin network.
The micropatterning approach described above was used to create dif-
ferent network geometries, mixed parallel bundles and anti-parallel
structures. When myosin was added to this network, it preferentially
contracted anti-parallel structures although it decorated parallel
3011R. Cáceres et al. / Biochimica et Biophysica Acta 1853 (2015) 3006–3014bundles as well [102]. Myosin was capable of contracting entangled
branched networks, albeit much more slowly. However this appeared
to be due to the spontaneous occurrence of anti-parallel structures
within such networks that were the real substrate for myosin function
[102]. A very different experimental approach involving acto-myosin
layers near but not attached to supported lipid bilayers also showed
that a disordered actin network was efﬁciently contracted by myosin,
but only above a critical myosin concentration [103].
When a static disordered acto-myosin network was attached to the
outside or the inside of a lipsome, the outcome of contractionwasmod-
ulated by the attachment to the bilayer [104]. In the “outside geometry”,
the balance between contraction and membrane attachment deter-
mined whether the acto-myosin network compacted and peeled off
the exterior of the lipsome or whether the network contracted and
crushed the liposome. In the “inside geometry”, contraction either oc-
curred on the bilayer or pulled off the bilayer depending on attachment
strength. Taking this experiment one step further, actin was polymer-
ized in the outside geometry with a physiological attachment to the bi-
layer via a membrane-bound VCAmolecules, with the Arp2/3 complex,
capping protein and proﬁlin to mimic cellular actin polymerization
[105]. It was observed that bothmyosin contraction and actin polymer-
ization contributed to stress build-up in this system, and importantly,
that the cocktail of actin-binding proteins determined the window
where myosin produced contraction. All together, these results empha-
size the importance of the geometry of the network, its attachment to
the bilayer and the biochemistry of network formation for determining
myosin contractility. This is why there is much to be learned by
performing biomimetic experiments, which could give very differentFig. 4. The ideal artiﬁcial acto-myosin in vitro system. The main characteristics include: 1) the
2) actin ﬁlament nucleation occurs at themembrane by physiological factors such as the Arp2/3
by transient links via the Arp2/3 complex and physiological actin ﬁlament-membrane linkers
ﬁlaments disassemble either due to the activity of proteins such as ADF/coﬁlin or to the buckl
liberated are recycled to the cell membrane for subsequent rounds of nucleation. Like in cells,
actin in its proﬁlin-bound form. In gray are depicted the future of such systems where, in add
its substrate and to its neighboring “cells” via its cytoskeleton and transmembrane proteins, thbehavior frompure acto-myosin networks in the absence of constraints,
attachments and physiological polymerization.
Another aspect of actin architecture that could affect myosin con-
tractility efﬁciency is the presence of crosslinkers. The contraction of
the anti-parallel regions of the actin network grown frommicropatterns
was slower in the presence of the anti-parallel cross-linking protein
α-actinin, presumably due to resistance to ﬁlament sliding imposed
by the cross-links [102]. However a macroscopic contraction assay
using suspended actin layers showed that the connectivity conferred
by actin cross-linking proteins was necessary for a global contraction
[106]. These biomimetic studies show that cross-linking may play a
role in controlling how the network contracts. Indeed cross-linking pro-
teins are abundant in the acto-myosin cell cortex [107], and myosin-
regulatory roles for the actin-binding proteins fascin and ADF/coﬁlin,
sometimes contradictory in the latter case, have been recently reported
in cells [31,108–110]. These issues will be one of the many questions to
address in the future with biomimetics.
6.2. Myosin contractility as a disassembly agent
Contraction was expected to change the organization of the actin
network by compacting it. What was somewhat unexpected was the
observation that motor activity also severed and dismantled the net-
work. This had been observed with actin bundles in bulk assays [111].
However as concerns biomimetic networks, this depolymerization ef-
fect was most clearly demonstrated with the micropatterning experi-
ments where contraction of the anti-parallel portions of the network
led to their disappearance, and seemingly liberated monomeric actin,system has a cell-like geometry conﬁned by a lipid bilayer to mimic the cell membrane,
complex or another nucleator such as formin, 3) attachment to themembrane is ensured
such as ezrin, 4) non-muscle myosins are included in the artiﬁcial cell interior, 5) actin
ing/severing action that results from myosin contraction and 6) the actin monomers thus
spontaneous formation of ﬁlaments in the “cell” interior is inhibited by maintaining free
ition to all the characteristics listed above, the artiﬁcial cell is also capable of adhering to
us mimicking epithelial tissues.
3012 R. Cáceres et al. / Biochimica et Biophysica Acta 1853 (2015) 3006–3014as evidenced by an enhanced growth of the parallel bundles in the assay
[102]. This macroscopic effect reﬂectedwhat was happening on the sin-
gle ﬁlament level, where myosin activity was observed to buckle and
fragment ﬁlaments that were attached to a lipid bilayer [112,113].
7. Conclusion
One of the next challenges for biomimetics is to put together all that
we have learned over the last 15 years in order to produce the ideal
artiﬁcial acto-myosin in vitro system (Fig. 4). The goal is to reconstitute
inside a cell-like conﬁnement the acto-myosin network, while preserv-
ing the architecture of the network as found in living cells, its attach-
ment to the bilayer and the biochemistry of network formation, all of
which appear to be important for determining myosin contractility.
Such systems should allow for the in vitro study of shape changes and
spontaneous oscillations. Down the road, the next stepwill be to include
adhesion to the substrate tomakemotile biomimetic cells, and adhesion
to adjacent “cells” to build up artiﬁcial tissues in order to mimic and
study collective shape changes.
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